Abstract-
A visual servoing technique was applied in [6] that allows the robot to follow the line on the floor captured by a camera as the desired trajectory.
Over the past few decades the fuzzy logic control (FLC) had emerged and applied to a wide variety of applications. One of the main aspects of the FLC is the high insensitivity to the plant model which makes it favorable to control the nonlinear systems since there's no need to know the precise model of the plant. In [7] , a Fuzzy Immune PD Algorithm was researched and addressed for the balancing robot stabilization problem. Another work proposed the Design of Fuzzy Adaptive PID Controller in order to reduce the settling time and large overshoot of Two-Wheeled Self-Balancing Robot [8] . A real-time control platform for the two-wheeled self-balancing robot is designed based on fuzzy PD control algorithm and achieved self-balanced control of the two wheeled robot successfully and prevented the robot from falling while obtaining a good dynamic performance [9] .
In this work the mathematical model of the balancing robot is presented then a conventional PID and Fuzzy PID controllers are designed in order to stabilize the robot. After that a simulation is carried where each controller is applied in order to stabilize the robot while moving and results were sketched to show the difference in performance between the two controllers.
II. Mathematical Model:
The two-wheeled balancing robot consists of a long body with two wheels mounted at one end ( figure (1) ). For the simplicity of this derivation, the two wheels will be treated as a unit, and it will be assumed that the robot travels only in a straight line. By properly designing the hardware, modeling can be simplified. Thus the body can be treated as a point mass rotating about the axis of the wheels.
A set of assumptions made to simplify modeling is as follow:
i-The wheels are always in contact with the floor and experience rolling with no slip. ii-The electrical system response is significantly faster than that of mechanical system, so that the dynamics of the electrical system may be neglected. iii-The motion of the robot is constrained to a straight line, so that the system may be analyzed as 2-diminsional system with only planar motion. iv-All bodies are rigid.
Considering the above assumptions, the system can be described by two decoupled equations for the translational motion and rotational motion ∅ where the translational motion x is substituted for as follows [10] .
Where the balancing robot parameters are defined in table (1) below: 
III. Controller Design

A. PID Control Design
The PID controller is considered as one of the most popular control schemes. The main reason for that is the simplicity in implementation. Because that, they are applied to a wide range of applications.
The PID controller can be expressed in Eq. (3) below
Where is the control action, is the error and is the error rate of change. The PID controller constants ( , and are described as follows: i)
is the proportional gain and provides a control action proportional to the error signal e(t). ii) is the integral term. The effect of the integral term in the PID controller is to reduce the steady state error by continuous integration of the error signal e(t). iii)
is the derivative term. The derivative term in the PID controller provides a control signal proportional to the error rate of change with respect to time which results in output overshoot damping and hence an improved transient response. One point to consider when applying the PID controller is choosing the appropriate values for the gains , and . Otherwise, an inappropriate selection for these values may result in worsening the response rather than improving it.
Ziegler and Nichols proposed rules for determining values of the proportional gain K p , integral gain K i , and derivative gain K d based on the transient response characteristics of a given plant [10] . In this method, increase K p (figure (2)) from 0 to a critical value K cr at which the output first exhibits sustained oscillations with a period P cr ( figure (3) ), thus, the critical gain K cr and the corresponding period P cr are experimentally determined. Ziegler and Nichols suggested that we set the values of the parameters K p , T i , and T d according to table (2) 
B. Fuzzy Logic Control
Fuzzy logic control (FLC) is a rule-based control method which interprets human experience into reality by utilizing the principles of fuzzy set theory in its data representation. In the last few decades the FLC had attracted the interest of many researchers and was applied to many plants as a novel or successful control approach. The main feature of the FLC is that its structure is independent of the plant model, for this reason it was extensively investigated and applied to systems where the precise mathematical model of the plant was unknown or involves high nonlinearities.
The fuzzy controller is composed of the following three-elements:
1-Fuzzification step: The input data are converted to linguistic variables which their values determined according to input member ship functions. In this paper the inputs to the FLC will be the error e(t) and its time derivative de/dt. The triangular member ship function was used for input to represent the linguistic variables. The FLC input has five linguistic variables labeled as (Negative big, Negative small, Zero, Positive small, Positive big) and labeled as (NB, NS, Z, PS, PB) respectively.
2-Rule Base: A decision making process simulating a human decision process which includes the definitions of the fuzzy membership functions assigned for each control variable including the definitions of the fuzzy membership functions defined for each control variable and the necessary rules that specify the control goals using linguistic variables. 3-Defuzzification: The inferred decision from the linguistic variables are converted back to numerical values. The input for defuzzification is the member ship (certainty) from implied fuzzy sets resulted from premise rules and the output is a crisp number. Figure (4) shows the general structure of the fuzzy controller including its main components. [4] .
FIGURE (4): GENERAL STRUCTURE OF THE FUZZY CONTROLLER
The Fuzzy logic controller is designed to stabilize the robot while moving to a specified distance. The inputs to the fuzzy controller are the error value e and the rate of change of the error and one output which is the control action u. Thus the fuzzy logic controller consists of three membership functions; two for the inputs and one for the output as shown below. On defining the membership functions, fuzzy rule base is formed in a Fuzzy Associative Memory (FAM) table as shown in Table 2 . The inference from Table ( 3) gives the output membership values u of the designed FLC based balancing robot system. Table ( 3) indicates the set of 25 rules which makes the given balancing robot system to be stable. Since the balancing robot has two configuration variables; the angle and position, then two controllers are combined to control the robot. The first takes the angle error and tries to stabilize the robot and the other takes the position and drives the robot to the desired location. The control structure is shown in figure (9) below. 
IV. Simulation and results
Simulations were held using MATLAB in order to verify the work done in the previous sections. The simulations were made in three parts to as follows.
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A. Tuning the PID controller
In this step the Ziegler-Nichols tuning process proposed in section 3.1 was performed in order to find the values of K p , K i , and K d of both First, the PID controller associated with angle control was tuned while the PID controller associated with position control was disabled. K p was increased from 0 to the state where a sustained oscillation of the balancing robot was obtained. The value of critical gain K cr was found to be 27.26 and the oscillation period was equal to 2.76 sec. Applying the values of the critical gain K cr and the oscillation period in table (2) results in the following values for the PID controller associated with angle control (K pa =16.4, K ia =1.34, and K da =1.5) where the suffix (a) refers to the PID controller associated with angle control. After tuning the PID controller associated with the balancing robot angle the values obtained for PID gains were applied and the PID controller associated with the robot position was connected and tuned using trial and error process, the tuned PID gains were found as follows for the PID controller associated with position control (K pp =-3.2, K ip =-0.26, and K dp =-2.5) where the suffix (p) refers to the PID controller associated with position control. 
B. Balancing robot stabilization
After the tuning process performed to find the appropriate values of the PID controller associated to the angle and position control the tuned controller gains were applied to the balancing robot. Both the PID and fuzzy logic controllers designed in previous sections are applied to the balancing robot described by equations (1) and (2) . The simulations were performed using MATLAB Simulink. The robot parameters were taken for an experimental laboratory size balancing robot [7] as in table (4): The controller objective is to move the robot to a specified distance (1 m in simulation) while trying to keep the robot in vertical position (i.e. 180 deg) as much as possible. Figures (10) , (11) and (12) show the simulation results. FIGURE (10): ROBOT POSITION VS. TIME.
FIGURE (11): ROBOT ANGLE VS. TIME.
FIGURE (12): CONTROL SIGNAL VS. TIME.
C. Disturbance rejection
In this part of simulation, the ability of the proposed fuzzy controller to reject external disturbances was investigated. An external force of about 0.5 Newtons was applied to the balancing robot system for about 0.5 seconds. The simulations results are shown in figures (13), (14) and (15). 
V. Conclusions
Two controllers are proposed and designed in this work for the two wheeled balancing robot stabilization problem. Although both controllers was able to stabilize the robot in a finite time, the results show that the fuzzy controller have a better performance indices than the conventional PID controller. First, the proposed fuzzy controller stabilizes the robot within about 2 seconds while the PID will oscillate for about 4 seconds before settling. Also the fuzzy controller has no overshoots in performance while in the PID case the robot will have about 10% overshoot in position and about 20 degrees in tilt angle. Another point to consider is that the control signal is considerably less in the fuzzy control case which means that the system will consume less energy to move the robot to the specified distance which is preferred for an economical point of view. When the external disturbance was applied to the balancing robot the PID controller was able to stabilize the robot within about 2 seconds while the fuzzy controller was able to stabilize the robot within about 1 second. In addition, when applying the external disturbance, the max position error was about 0.2 meters when using the PID controller to stabilize the balancing robot while when using the fuzzy controller the max position error was less than 0.1 meters which means that the fuzzy controller is more robust than the PID controller. 
